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ABSTRACT
 The dynamic  behavior  of  surface  charging on spacers in  DC-GILs can be
influenced by multi-factors including the non-uniform distributed electric field
as  well  as  the  time-varying  temperature gradient. In  this  paper,  the  time-
varying  effect  of  surface charging phenomenon on spacers is  studied and a
time-varying  mathematical  model  is  established,  based  on  the  influence  of
temperature and electric field on the ion mobility at the gas phase and the bulk
conductivity in the  solid phase. The  results verify that the bulk conductivity
can be  greatly influenced by temperature,  which leads to an increase in the
surface  charge  density  on  the  spacer. This  allows  the  surface  charge
accumulation to stabilize more quickly. However, the ion mobility from the gas
phase  is less  affected  by  temperature.  When  the  non-uniform  distributed
electric field changes from 1.3 to 6.4 kV/mm, ion mobility is less influenced and
the surface charge density on the spacer varies slightly. In this case, the effects
of  the  non-uniformly  distributed electric  field  in  surface  charge  density
variation is much smaller and can be ignored.
   Index  Terms  —  HVDC,  GIL, spacer,  surface  charge accumulation,
temperature, electric field
1 INTRODUCTION
WITH the unbalanced distribution of energy resources
and electric loading increment, technologies for large-scale
energy storage and long-distance transmission are becoming
increasingly  important.  Gas-insulated  power  transmission
lines (GILs) which have advantages of large capacity with a
compact  and  flexible  arrangement  and  high  stability,  can
provide a superior choice to replace overhead transmission
lines  in  certain  environments  [1].  However,  restricted  by
surface charging of spacers under DC field, there are still
reports about the industry application of DC-GILs. Surface
charge  accumulation  can  distort  the  electric  field  on  the
spacer  surface,  which  may  reduce  the  surface  flashover
voltage  and  thus  decrease  the  robustness  of  the  electric
power transmission system [2]. 
Researches  regarding  charge  dynamics  in  HVDC
GIS/GIL have been performed for several decades [3-5]. It is
generally  thought  that  surface  charge  on  GIL  spacers
originate from three sources [6]: (1) conduction through the
volume;  (2)  conduction  within  the  gas  phase;  and  (3)
conduction along the spacer surface.  However,  due to the
complexity  of  the  surface  charge  behavior  and  the
uncontrollable  external  interference  during  surface  charge
measurement,  studies  by  means  of  simulation  provides
favorable assistance for  uncovering this crack problem in
recent years. 
According  to  European  researchers,  the  temperature
gradient  due  to  conduction  of  DC current  led  to  uneven
variation in  solid  bulk conductivity,  which can  affect  the
accumulation  property  of  space  charge  and  distort  the
electric field over the spacers [7, 8].  He et al [9] studied the
thermal  gradient  effected  on  surface  charge.  The  results
show that the expansion of an analogous ineffective region
near HV electrode results in a large voltage drop across the
area  near  the  ground  electrode.  Under  these  conditions,
positive streamers can be triggered at the triple junction of
the ground electrode more easily [9].  Ma suggested that the
conduction through the volume dominates the surface charge
accumulation in DC-GILs; the space charge density of the
spacer increases significantly with increased temperature of
the center electrode [5, 10].
In  most  previous  studies,  the  conductivity  and  ion
mobility  have  been  set  as  a  constant  value.  However,  in
practice, the conductivity of spacers and the ion mobility in
the insulating gas are influenced by many factors, such as
temperature variation and field strength distribution [11,12].
The temperature distribution variation of the spacer and the
non-uniform  distributed  electric  field  strength can
influence the surface charging behavior, which in turn, can
affect the distribution of the electric field stresses, resulting a
mutual influence effect. Therefore, it is necessary to consider
the effects of temperature distribution variation and the non-
uniform distributed electric field strength on surface charge
dynamic process during simulations. 
In  this  paper,  a  time-varying  mathematical  model  is
established,  based  on  the  influence  of  temperature  and
electric field strength on ion mobility at the gas phase and the
bulk  conductivity  in  the  solid  phase.  The  relationships
between  gas  ion  mobility  and  solid  conductivity  was
discussed.  The  effects  of  temperature  and  electric  field
intensity on surface charge variation was investigated. The
mechanism of charge dynamics affected by temperature and
electric field intensity on a disc-type spacer inside a DC-GIL
was concluded.
2 PARAMETER SETTINGS AND
BOUNDARY CONDITIONS
The accumulation and decay of surface charges on the
disc spacer in a DC-GIL is affected by electric conduction
via the bulk volume, conduction within the gas phase, and
conduction  along  the  spacer  surface.  This  is  a  dynamic,
instantaneous process that continues until the accumulation
and dissipation reach a dynamic equilibrium. However, the
electric  conduction  along  the  spacer  surface  is  generally
considered  to  play  a  minor  role  in  surface  charge
accumulation, unless the surface has been modified to have a
higher conductivity [13]. Therefore, the mathematical model
in this paper does not take it into account surface conduction.
Figure 1 shows the representation of normal vectors on
the spacer surface. As a result, the spacer gas-solid interface
can be described by the following equation: 
                              (1)
where nb is the normal component on the spacer solid-side of
the interface, ng is the normal component on the spacer gas-
side of the interface;  jb is the current density on the spacer
solid-side of the interface, ;  jg is the current density on the
spacer gas-side of the interface, ;  ρ* is the surface charge
density, . 
Figure 1.  Representation of normal vectors on the spacer surface.
2.1  CONDUCTION IN GAS PHASE
Assuming that the dielectric constant  of the insulating gas
is  not  affected  by  the  temperature  and  the  electric  field
strength, the relationship between the positive charge density
ρ+, the negative charge density ρ-, and the potential  can be
expressed by  Poisson’s equation:
                            (2)
Considering the generation, recombination, migration, and
diffusion processes of ions in DC GIL, the current continuity
equation can be written as: 
                (3)            
where  J is  the  current  density,  ;  R is  the  recombination
coefficient, ; e is the elementary charge, ; n0 is the ionization
rate, .
The current densities are given by:
                 (4) 
where  μ± are the corresponding ion mobilities, ;  D is the
diffusion coefficient, .
Because the ion mobility dominates in the insulating gas,
the  ion  diffusion  rate  is  neglected  [7].  Finally,  inserting
Equation (4) into Equation (3) results in: 
 (5)
Equations (2) and (5) determine the ion flow field within
the gaseous medium. 
2.2  CHARGING IN VOLUME
In  the  volume  domain  (referred  to  the  bulk  in  the
following  content),  the  spacer  charge  density  ρ and  the
potential  are connected via: 
                                  (6)
while the equation of continuity is:
                                   (7)
The current density is given by the conductivity , which is
assumed  to  be  independent  of  the  electric  field  by  the
following equation:
                                     (8)
Taking the time derivative of (6) and inserting (7) and (8)
results in:
                                 (9)
Equation (9) determines the charging of the bulk.
2.3  PARAMETERS OF TEMPERATURE
DISTRIBUTION MODEL
The surface conductivity of the disc spacer changes with
temperature variation, which can affect  the surface charge
accumulation and decay process of the disc spacer  in the
DC-GIL. At the same time, the degree of kinetic motion of
the particles in the gas changes with temperature, and these
changes in the kinetic energy of the particles also lead to
changes in the ion mobility.
The main heat transfer mechanisms in the DC-GIL are
solid heat  transfer  and fluid heat  transfer.  The solid heat
transfer mainly occurs via heat conduction, and the fluid heat
transfer mainly via heat convection, according to Fourier’s
law [14]:
                    (10)
                                     (11)
where ρ is the density of the object, kg/m3; C is the specific
heat capacity of the object, J/(kg·K); T is the temperature, K;
k is the thermal conductivity of the object, W/(m·K); t is the
velocity field of the fluid, s; q is the heat flux of the object,
W/m2; Q is the heat sources, W/m3.
The typical temperature of the center conductor and the
grounded enclosure of the DC-GIL during rated operation
are  Tz,  Tg [7], and the spacer is in direct contact with the
insulating gas. The thermal properties of the two phase cause
coupling heat transfer on the surface of the spacer. The heat
flux and temperature at the gas-solid interface in the model
of DC-GIL conjugate heat transfer are equaled by: 
                                   (12)
                                   (13)                       
where  Tepoxy,  TSF6  are the temperature of the spacer and the
insulating gas at the gas-solid interface, K; qepoxy, qSF6 are the
heat flux of the spacer and the insulating gas at the gas-solid
interface, W/m2 .
The  solid  conductivity  and  gas  ion  mobility  are  not
constant  due  to  the  temperature  variation.  Therefore,  the
relationship between the solid electrical conductivity and the
temperature  of  the  disc  spacer  can  be  expressed  by  an
empirical formula [8]:
                                  (14)
where σg is the conductivity at initial temperature and electric
field  strength,   ;  α  is  the  temperature  coefficient  of
conductivity, .
The  relationship  between  the  positive  or  negative  ion
mobility and temperature in the insulating gas is as follows
[12]:
                                (15)
where μ0± is the initial positive or negative ion mobility, ; P0
is the reference pressure, ; T0 is the reference temperature, .
2.4  PARAMETERS OF ELECTRIC FIELD MODEL
During  operation,  the  distribution  of  the  electric  field
strength in the DC-GIL during operation are not uniform
parameters, due to temperature changing. Also, the electric
field strength in the spacer of DC GIL is relatively large, i.e.
on  the  order  of  magnitude  up  to  1  MV/m  [8].  The
conductivity of the spacer should be as a consequence higher
than that  when no voltage  was applied.  The changing of
electric  field  strength  can  affect  the  amount  of  energy
obtained by the ions from the electric field and thus influence
the ion mobility  [12].  Therefore,  for  the  disc spacer,  the
conductivity varies among different positions, and the ion
mobility of the insulating gas is also position-dependent.
The relationship between the positive charge density  ρ+,
the negative charge density ρ-, and the potential φ in the DC-
GIL can  be  expressed  by the  Poisson Equation  (2).  The
relationship between  the  electric  field strength  E and  the
potential φ
 
can be expressed by Laplace’s equation:
                                            (16)
The mobility of the positive or negative ions in the SF6
gas  varies  with  E.  This variation can be obtained by the
relationship between the mobility at high field strength and
the electric field strength E by the following equation [12]:
                            (17)
where A, B are material coefficients, , .
The relationship between solid conductivity and the field
strength of the disc spacer can be expressed by an empirical
formula [8]:
                         (18)
where   is the conductivity coefficient of the field strength,
mm/kV.
2.5  BOUNDARY CONDITIONS OF DC GIL
SIMULATION MODEL
Figure 2.  Boundary condition of DC GIL simulation model (Unit: mm).
Based  on  the  typical  220  kV  AC  GIL  size  in  actual
operations  [15],  the  simulation  model  of  the  GIL  is
established using COMSOL, as shown in Figure 2. In this
model, the center conductor length (adjacent to the gas) is
450 mm; the radii of the center conductor are 50 mm and
20.75  mm,  respectively;  the  distance  from  the  center
conductor to the inner side of the ground enclosure is 206.25
mm; the thicknesses of the spacer near the center conductor
and  near  the  ground  enclosure  are  50  and  25  mm,
respectively.  It  should  be  noted  that  the  GIL  model  is
displayed vertically for convenience in dimensioning. 
During the simulation of surface charge accumulation, it
is assumed that the DC-GIL is operating indoors, where the
environment is dry and the temperature is constant inside the
DC-GIL.
The boundary conditions are as follows: center conductor
voltage , grounded enclosure .
The  positive  ion  density  at  the  side  boundary  of  the
junction  between  insulating  gas  and  center  conductor  is
bounded by the Dirichlet  condition, and the negative  ion
density at the surface of the disc spacer is bounded by the
Neumann condition:
                                    (19)
Likewise, the negative ion density at the side boundary of
the interface between insulating gas and ground enclosure is
bounded  by the  Dirichlet  condition,  and  the  positive  ion
density at the surface of the disc spacer is bounded by the
Neumann condition:
                                    (20)
The simulation model parameters are shown in Table 1.
Table 1. Simulation model parameters.









































































When the ion mobility and the volume conductivity are
constants (Table 1), the normal component of the electric
field strengths of both surfaces of the spacer in a +400 kV
GIL are shown in Figure 3 and Figure 4. 
It can be seen from Figure 3 that the electric field strength on
the surface of the spacer is distorted. There are two reasons.
One is the streamlines of the field from the tapered shape of
the inner conductor, and the other is that the electric field
distribution changes with the surface charge distribution of
spacer. Because of this, the electric field strength near the
inner conductor is the highest at 25 mm, which is due to the
most charges accumulated on the spacer surface and the SF6
gas space nearby.  On the upper side of the spacer, there are
charges very near to the inner conductor as well as charges
of  the  same  polarity  near  to  the  outer  conductor.  These
originate  from  the  conical  shape  of  the  spacer  itself.
Moreover, the electric field strength close to the enclosure
is lowered at first, followed by a rapidly increase. This is
due to the conical shape of the spacer. 
Figure 3.  Normal component of the electric field on the upper spacer 
boundary at +400 kV.
From  Figure  3  the  maximum  values  of  the  normal
component of the electric field strength of the upper surface
of the spacer at the initial time t = 0, 3 months, 6 months, and
12  months  are  -4.87,  -4.5,  -4.17,  and  -3.63  kv/cm,
respectively.  These  values  are  taken  from the  three-point
junction (solid spacer-gas-HV electrode). As time goes on,
the normal component of the electric field strength becomes
smaller and smaller,  the reason is the normal component of
the electric  field strength  on the  surface  of  the spacer  is
negative, positive ions on the insulating gas side drift toward
the  surface  of  the  spacer,  causing  positive  charges  to
accumulate over time, and the accumulated positive charges
continuously weaken the solid-side normal component of the
electric field strength. For the same reason, the accumulation
of  negative  ions  results  in  the  decrease  of  electric  field
strength at 25 mm with time.
Figure 4. Normal component of the electric field on the lower spacer 
boundary at +400 kV.
From  Figure  4  the  maximum  values  of  the  normal
component of the electric field strength of the lower surface
of the spacer at the initial time t = 0, 3, 6 and 12 months are
5.55, 4.56, 3.78 and 2.58 kv/cm,  respectively. There is no
conical shape on the lower surface of spacer , so there is only
one type of charge accumulated on the lower surface,  so
there is no charge moving along the surface, and the steady
state (charge distribution does not change with time) is faster
[16].  Therefore,  the  maximum normal  component  of  the
electric field strength on the lower surface decreases faster
than that on the upper surface.
From Figure 5, a large part of the upper surface of the
spacer  accumulates  positive  charge,  and  negative  charges
accumulate only on a small part of the spacer's surface near
the internal conductor. The reason is that the direction of the
electric field line on the upper surface of the spacer mainly
points from the gas side to the solid side, positive ions on the
insulating gas  side drift toward the surface of the spacer,
causing  positive  charges  to  accumulate  over  time.  The
maximum values for different times along the spacer surface
are 0, 3.6, 6.85, and 12.95  , respectively.  And the charge
density value increases with time. Moreover, because of the
conical  structure  of  spacer, the  surface  charge  density
close to the enclosure is greatly higher than that nearby. 
From Figure 6, considerable negative charge accumulates
in most areas of the lower surface of the spacer, but a small
amount of positive charge accumulates on the spacer surface
near  the  ground  enclosure.  The  maximum  values  for
different times along the spacer surface are 0, -3.8, -6.82, and
-11.48, respectively. And the charge density value increases
with time.
Figure 5. Surface charge density on the upper spacer boundary at +400 kV.
Figure 6. Surface charge density on the lower spacer boundary at +400 kV.
4 EFFECTS OF TEMPERATURE
DISTRIBUTION ON SURFACE
CHARGING
4.1  TEMPERATURE DISTRIBUTION IN GIL
The  two-dimensional  distribution  map  of  the  DC GIL
temperature  is  shown in  Figure  7.  The temperature  field
application  condition  considers  solid  heat  conduction  and
fluid  heat  convection,  where  the  high  voltage  conductor
temperature is 341, the ground electrode temperature is 313
K. The time when the chamber temperature is stable is 18
hours.
Figure 7. DC-GIL temperature distribution.
Figure 8. Temperature distribution on the upper spacer boundary.
 From  the  time-varying  curves  of  the  temperature  at
various positions on the upper  and lower  surfaces  of  the
spacer  in Figure 8 and 9,  it  can be seen that the surface
temperature of the DC-GIL spacer is unevenly distributed.
From t = 0 to the steady state, the temperature distribution
develops from extremely uneven to uniform. Therefore, the
continually changing temperature distribution on the surface
of  the  spacer  will  affect  the  dynamic  process  of  surface
charge accumulation and dissipation. Previous studies have
failed  to  reflect  the  real  dynamic  state  of  charge
accumulation on the surface of the GIL spacer because they
assume a constant temperature.
Figure 9. Temperature distribution on the lower spacer boundary.
4.2  SURFACE CHARGING MODEL UNDER
TEMPERATURE DISTRIBUTION
The temperature distribution and its time-variation affect
gas ion mobility and solid conductivity, which in turn affects
the surface charge accumulation. The charge densities of the
upper and lower surfaces of the spacer when considering the
temperature change are shown in Figure 10 and 11. Therein,
represents  the ion mobility as a function of the changing
spacer surface temperature;  represents the solid conductivity
as a function of the changing spacer surface temperature. 
When the effects of temperature and electric field on solid
conductivity and gas ion mobility are not considered,  the
surface charge densities at the three-point junction on the
upper surface of the spacer in Figure 5 are 6.85 and 12.95,
respectively, at 6 months and 1 year.
Figure 10. Surface charge density on the upper spacer boundary at +400
kV.
Figure 11.  Surface charge density on the lower spacer boundary at +400
kV.
When considering the influence of temperature on solid
conductivity, the surface charge densities at the three-point
junction of the upper surface in Figure 10 at 6 months and 1
year are 58.3 and 88.5, respectively, which are respectively
increased by 7.51 and 5.85 times relative to the case where
temperature  is  neglected.  From  6  months  to  1  year,  the
growth rate of the surface charge density drops from 89 % to
51.8 %. It can be seen that when the effect of temperature is
taken into account, the surface charge density of the spacers
increases  more  sharply,  and  surface  charge  accumulation
reaches a steady state more quickly. The reason is the higher
the temperature, the higher the gas ion mobility and solid
conductivity.
When considering the effect  of temperature on the ion
mobility, the surface charge densities at the three-point bond
surface of the spacer at 6 months and 1 year in Figure 10 are
6.82 and 12.79. These values differ little from the case in
which the influence of temperature is not considered. The
ion mobility is relatively temperature-independent because
the  change  in  the  surface  temperature  distribution  of  the
spacer only affects the gas-side ion mobility near the surface
of the spacer. These gas ions, which will soon reach or have
already reached the surface, have less effect on the surface
charge density.
The difference ofσ(t) between 6 months and 12 months
is much smaller than that of μ(t) , the reason is the effect
of temperature on solid conductivity is greater  than ion
mobility (see Equations (14) and (15)).
5 EFFECTS OF NONLINEAR ELECTRIC
FIELD ON SURFACE CHARGING
5.1  ELECTRIC FIELD DISTRIBUTION IN GIL
The  electric field strength distribution of  the DC GIL
model at +400 kV is simulated by COMSOL. The two-
dimensional  distribution  map of  DC  GIL  electric  field
strength is  shown in Figure  12. It  can be seen that  the
electric field strength distribution is uneven in the whole
GIL cavity.
Figure 12. Simulation of synthetic electric field of DC-GIL model at +400
kV.
Figure 13. Synthetic electric field of the upper spacer boundary at +400 kV.
Figure 14. Synthetic electric field of the lower spacer boundary at +400 kV.
The time-varying curve distribution of the electric field
strength  at  different  positions  on  the  upper  and  lower
surfaces of the spacer is shown in Figure 13 and 14. It  can
be seen that the electric field intensity distribution on the
spacer  surface  in  the  DC-GIL  is  not  uniform,  and  the
distribution does not substantially change with time.
5.2  SURFACE CHARGING MODEL UNDER
ELECTRIC FIELD DISTRIBUTION
The electric field strength distribution on the surface of
the  disc  spacer  affects  the  gas  ion  mobility  and  solid
conductivity,  which  in  turn  affects  the  accumulation  and
dissipation of the surface charge and ultimately affects the
surface  charge  distribution  of  the  spacer.  The  charge
densities of the upper and lower surfaces of the spacer when
considering the change of field strength are shown in Figure
15 and Figure 16, confirming that both the mobility and the
solid conductivity  change  with the  electric  field  strength.
The gas  ionic mobility and the solid conductivity are no
longer  a  fixed  value,  but  change  dynamically  with  the
change  of  normal  and  tangential  synthetic  electric  field
strength. The synthetic electric field strength ranges from 1.3
kv/mm to 6.4 kv/mm during transient to steady state.
Figure 15. Surface charge density on the upper spacer boundary at +400
kV.
    When considering the influence of field strength on the
solid conductivity, as shown in Figure 15, the three-point
junctions on the top surface of the spacers have charge
densities of 7.13 and 13.3 at 6 months and 12 months,
respectively.  Compared  with  the  case  in  which  the
influence  of  field  strength  is  neglected,  these  charge
densities  are  increased  by 4.08 and 2.7%,  respectively.
From 6 to 12 months, the growth rate of the surface charge
density  decreases  from  89  to  86.5%.  Therefore,  when
considering the influence of the field strength, the surface
charge  density of the spacer  slightly increases,  and the
charge  accumulation  rate  becomes  slightly  faster.
According  to  formula  (18),  the  value  of  conductivity
coefficient is smaller, which makes the solid conductivity
less affected by electric field strength, and the increase is
small, so the surface charge density and accumulation rate
increase little. 
When considering the influence of field strength on ion
mobility, as shown in Figure 16, the surface charge densities
at the three-point junction of the upper surface at 6 months
and 1 year are -6.853 and -12.954, respectively, which is a
little higher than those without considering the field strength.
In the mathematical model of the relation between the ion
mobility  and  the  electric  field  intensity,  the  material
coefficient is extremely small. Therefore, the surface charge
density of the spacer  changes only minimally even when
considering the influence of the field strength on the ion
mobility.
Figure 16. Surface charge density on the lower spacer boundary at +400
kV.
6 CONCLUSIONS
This  paper  studied  the  time-varying  effect  of  surface
charging  phenomenon  on  spacers.  A  time-varying
mathematical model is established, based on the influence of
temperature and electric field on the ion mobility at the gas
phase  and  the  bulk  conductivity  in  the  solid  phase.  The
principal findings are as follows:
(1) The normal component of the electric field strength of
the spacer  surface is closely related to the surface charge
density. When the normal component of the electric field is
negative, the surface area of the spacer is positively charged,
and it is vice versa for positive electric field.
(2) When considering the influence of temperature on the
conductivity of the solid, the surface charge density of the
spacer can be increased very quickly. The maximum surface
charge density on the spacer reaches 88.5 in 1 year, which is
5.85  times  higher  than  that  when  the  temperature  is  not
considered. 
(3) When the bulk conductivity is taken into account, the
surface  charge  density  of  the  spacer  reaches  about  13.3
μC/m2 after 1 year, which is nearly 2.7 % higher compared
with  the  case  when  the  field  strength  was  neglected.
However, the change of the surface charge density of the
spacer is minimal when considering the influence of the field
intensity on the ion mobility.
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